ABSTRACT: Collagen fibrils in tendon are believed to be discontinuous and transfer tensile loads through shear forces generated during interfibrillar sliding. However, the structures that transmit these interfibrillar forces are unknown. Various extrafibrillar tissue components (e.g., glycosaminoglycans, collagens XII and XIV) have been suggested to transmit interfibrillar loads by bridging collagen fibrils. Alternatively, collagen fibrils may interact directly through physical fusions and interfibrillar branching. The objective of this study was to test whether extrafibrillar proteins are necessary to transmit load between collagen fibrils or if interfibrillar load transfer is accomplished directly by the fibrils themselves. Trypsin digestions were used to remove a broad spectrum of extrafibrillar proteins and measure their contribution to the multiscale mechanics of rat tail tendon fascicles. Additionally, images obtained from serial block-face scanning electron microscopy were used to determine the three-dimensional fibrillar organization in tendon fascicles and identify any potential interfibrillar interactions. While trypsin successfully removed several extrafibrillar tissue components, there was no change in the macroscale fascicle mechanics or fibril:tissue strain ratio. Furthermore, the imaging data suggested that a network of smaller diameter fibrils (<150 nm) wind around and fuse with their neighboring larger diameter fibrils. These findings demonstrate that interfibrillar load transfer is not supported by extrafibrillar tissue components and support the hypothesis that collagen fibrils are capable of transmitting loads themselves. Conclusively determining how fibrils bear load within tendon is critical for identifying the mechanisms that impair tissue function with degeneration and for restoring tissue properties via cell-mediated regeneration or engineered tissue replacements. Keywords: interfibrillar load transfer; trypsin digestion; tendon; extrafibrillar proteins; multiscale mechanics Tendons transfer muscle loads to the skeletal system and are thus essential for basic musculoskeletal activity. Despite abundant previous investigation of tendon mechanics, the microstructural mechanisms underlying tendon mechanical function and their ability to bear load are unclear. Multiscale experimental testing suggests that collagen fibrils, which are the primary tensile load bearing elements in tendon, are discontinuous and slide relative to each other.
Tendons transfer muscle loads to the skeletal system and are thus essential for basic musculoskeletal activity. Despite abundant previous investigation of tendon mechanics, the microstructural mechanisms underlying tendon mechanical function and their ability to bear load are unclear. Multiscale experimental testing suggests that collagen fibrils, which are the primary tensile load bearing elements in tendon, are discontinuous and slide relative to each other. [1] [2] [3] This relative sliding produces interfibrillar shear stresses that transmit load between the discontinuous fibrils 4, 5 and changes in the magnitude of these interfibrillar shear stresses produces dramatic changes in tendon properties. 6 Nevertheless, the structures that transmit load between fibrils are still unknown.
Various extrafibrillar tissue components (i.e., structures that do not form fibrils) have been suggested as possible interfibrillar linkages. For several decades, it was believed that the glycosaminoglycan (GAG) chains of the small leucine-rich proteoglycans (SLRPs) in tendon transmitted interfibrillar loads due to their intimate association with fibrillar surfaces. 7, 8 However, numerous experimental studies that selectively removed GAGs via enzymatic digestions failed to demonstrate any effect on tendon or ligament macroscale mechanics. [9] [10] [11] [12] [13] Fibrilassociated collagens with interrupted triple-helices (FACITs) are another family of extrafibrillar proteins that are speculated to bridge collagen fibrils in cartilage; 14 however, it is unknown whether those in tendon (collagens XII and XIV) provide the same role. Finally, while several other small extrafibrillar molecules (e.g., cartilage oligomeric matrix protein (COMP), tenascin C) exist in tendon and may play a role in tendon mechanics, 15 the exact nature of their contribution is unclear.
An alternate hypothesis is that collagen fibrils may interact directly without the help of extrafibrillar molecules. During development, collagen fibrils grow in diameter and in length through both end-to-end and lateral fusion. 16 This process also results in fibril branching, which may provide a mechanism for interfibrillar load transfer. [16] [17] [18] Furthermore, large diameter fibrils (>200 nm) with irregular (i.e., non-circular) boundaries observed in mature tendon have been suggested to result from the fusion of the fibril periphery with several small diameter fibrils. 19 Given that most tendons exhibit a distribution of small and large fibril diameters, 20 it is possible that small diameter fibrils may serve to connect and transmit force between the larger load-bearing fibrils in tendon independent of extrafibrillar molecules.
The objective of this study was to test the hypothesis that extrafibrillar structures contribute to the longitudinal mechanics of tendon fascicles by transmitting load between collagen fibrils. A combination of multiscale mechanical testing, ultrastructural imaging, and biochemical analysis was used to accomplish this goal. A broad spectrum of extrafibrillar proteins were removed from rat tail tendon fascicles with trypsin digestion to determine their role in multiscale fascicle mechanics. Additionally, three-dimensional reconstructions of fibrils imaged via serial block-face scanning electron microscopy (SBF-SEM) were used to investigate potential physical interactions between collagen fibrils that may mediate interfibrillar load transfer directly without the need for extrafibrillar structures. Our findings demonstrate that extrafibrillar tissue components do not contribute to tendon fascicle mechanics and suggest that interfibrillar loads may instead be transferred by a network of small diameter collagen fibrils. This information provides an important advance in the understanding of tendon structure-function relationships, which is necessary to identify the cause of tissue impairment with disease and identify the components that are critical in restoring tissue function either via tissue regeneration or the design of tissue engineered replacements.
MATERIALS AND METHODS
Tendon fascicles obtained from the tails of 7-month-old Sprague-Dawley rats were used for this study. All animal tissue was obtained from a separate study approved by the Institutional Animal Care and Use Committee. Enzymatic digestion was performed by incubating the fascicles in 1 mg/ml acetylated trypsin (Sigma-Aldrich: T6763), which is resistant to autolysis, 21 in 150 mM NaCl, 50 mM sodium phosphate (pH 7.2) for 24 h at room temperature (20-24˚C). 22 Non-digested controls were treated identically as described but incubated in the buffer alone.
Biochemistry
Hydroxyproline assays were performed to determine if trypsin solubilized collagen by either digesting the collagen molecules directly or by disrupting the intermolecular crosslinks via digestion of the telopeptides (see Supporting Information for details). Since crosslinks in rat tail tendon fascicles are not stable in acid, they were first stabilized via sodium borohydride reduction (NaBH 4 ). 23 Pepsin digestion (1 mg/ml in 50 mM acetic acid for 24 h at room temperature) was used as a positive control for the disruption of intermolecular collagen crosslinks. To assess whether NaBH 4 reduction affected the acid solubility of the digested rat tail tendons, $1 mg samples of insoluble bovine collagen (C9879; Sigma-Aldrich) were either reduced (n ¼ 3) or not reduced (n ¼ 3) prior to pepsin digestion.
Immunohistochemistry, GAG quantification, Western blotting, and an Enzyme-Linked Immunosorbent Assay (ELISA) where used to investigate the removal of extrafibrillar proteins with trypsin digestion (see Supporting Information for details). Briefly, cryosections (n ¼ 3-6) of trypsin digested, buffer-incubated controls, and fresh (nonincubated) fascicles were stained for decorin, collagen XII, tenascin C, COMP, elastin, collagen I, or collagen VI, and the median signal intensity was quantified. Additionally, the GAG content (n ¼ 5) was quantified via dimethylmethylene blue and normalized to tissue dry weight. 24 For Western blotting, non-collagenous proteins were extracted from the fascicles and separated via gel electrophoresis. The gels were either stained with QC Colloidal Coomassie G-250 (Bio-Rad, 161-0803) or used for Western blotting of decorin, collagen XII, tenascin C, and COMP. Finally, elastin content was determined using a competitive ELISA for desmosine, a crosslink specific to elastin molecules, 25 which was normalized by tissue dry weight (n ¼ 5).
Multiscale Mechanical Testing
Multiscale mechanical testing of trypsin digested (n ¼ 5) and buffer-incubated control fascicles (n ¼ 5) was performed to determine the effect of trypsin digestion on fascicle mechanics using previously described protocols. 4, 6 Briefly, fascicles from the tails of two 7-month-old Sprague-Dawley rats were cut to a length of 45 mm, stained with a 10 mg/ml solution of an extracellular matrix fluorescent dye (5-DTAF) (D-16; Life Technologies), and loaded into a uniaxial testing device mounted on an inverted confocal microscope. The sample major and minor diameters were determined from images of the sample profile obtained with the microscope, 5 and the cross-sectional area was calculated assuming the fascicles were elliptical (0.168 AE 0.034 mm 2 ). Each sample was preloaded to a reference length of 31.8 AE 0.1 mm, preconditioned to 2% grip-to-grip strain, and allowed to recover at the reference length for 10 min. After the recovery period, a set of four lines separated by 125 mm were photobleached onto the tissue surface and incremental displacements were applied to 2, 4, 6, and 8% grip-to-grip strains at 1%/sec followed by a 15 min relaxation period. The maximum load recorded during each ramp and the load at the end of each relaxation period were divided by the sample cross-sectional area to determine the peak and equilibrium stress, respectively, for each applied strain level. Microscale images of the photobleached lines were acquired at the end of each relaxation period and were used to determine the fibril:tissue strain ratio and amount of interfibrillar sliding. 4, 6 Three-Dimensional Fibril Reconstruction Cross-sectional images of a rat tail tendon fascicle acquired from previous SBF-SEM imaging 5 were analyzed to evaluate the three-dimensional fibrillar organization in tendon and identify any potential physical interactions between fibrils. Specifically, signal noise was reduced in the raw SEM images by using a 3 pixel Gaussian filter. We also used a rolling-ball background subtraction (diameter 300 pixels) to normalize the signal intensity between images. To ensure accurate fibril tracking, we only chose fibrils to segment that were clearly visible in every image frame. The segmentation of each fibril was done using a region growing algorithm (i.e., Magic Wand tool) in the Amira software package (FEI Visualization Sciences Group, Hillsboro, OR). In each image, an initial seed point was selected within the fibril interior, and the software automatically selected all connected pixels with a gray value within a given tolerance interval. Once each fibril was segmented in every image, the software automatically generated the three-dimensional surface reconstructions. The TIF file included in the Supporting Information contains the complete image stack used for fibril segmentation. 
Statistics
Unpaired t-tests were used to compare the amount of hydroxyproline solubilized by trypsin and pepsin digestion. Unpaired t-tests were also used to evaluate differences in cross-sectional area, immunofluorescence, GAG content, and desmosine content between the fresh and control samples as well as between the control and trypsin digested samples. Differences in macroscale mechanics were evaluated by comparing the peak and equilibrium stress values via twoway ANOVAs across all applied strain levels. The fibril: tissue strain ratio and amount of interfibrillar sliding were also compared using two-way ANOVAs. Statistical significance for all tests was set at p < 0.05. Linear quantile-quantile plots demonstrated that the data did not violate assumptions of normality. All data is presented as mean AE standard deviation.
RESULTS

Preservation of Collagen Network
Serving as a positive control, pepsin digestion successfully solubilized 68 AE 16% of the hydroxyproline in the NaBH 4 -reduced rat tail fascicles. For bovine collagen, similar amounts of hydroxyproline were solubilized by pepsin whether the samples were NaBH 4 -reduced (25 AE 2%) or untreated (28 AE 2%) (p ¼ 0.20). This confirms that disruption of intermolecular crosslinks via pepsin solubilizes collagen and that this effect is not inhibited by crosslink reduction with sodium borohydride. In contrast, zero soluble hydroxyproline was detected in the digestion buffer and in acid for both the trypsin digested and control samples. This demonstrates that the fibrillar collagenous structure was not damaged with trypsin digestion.
Removal of Extrafibrillar Proteins
Trypsin digestion was successful in removing a substantial amount of several extrafibrillar proteins as demonstrated by immunohistochemical staining (Table 1 and Fig. 1 ). Note that the differences in fascicle diameters in Figure 1 were due to sample selection and not trypsin digestion or buffer incubation. Measurement of fascicle cross-sectional areas for mechanical testing of control and trypsin digested samples showed that, on average, there was no difference between groups (see data below). Fluorescence intensity for decorin was reduced evenly throughout the tissue cross-section by 79% with trypsin digestion, which matched a 75% reduction in GAG content per sample dry weight (fresh: 0.34 AE 0.02%, control: 0.32 AE 0.04%, trypsin:
0.08 AE 0.01%) versus control samples (p ¼ 0.0001). Similarly for tenascin C, trypsin digestion produced a 57% decrease in signal intensity. While staining for collagen XII was generally weak, there was a 67% reduction in signal with buffer incubation (control samples). Qualitatively, the collagen XII signal intensity reduced further with trypsin digestion (Fig. 1) ; however, no statistical significance between the control and trypsin digested samples was found. Note that COMP was not detectable in any sample, including the fresh (non-incubated) fascicles. Elastin staining was punctate within the fascicle interior for the fresh and control samples with some additional staining around the periphery (Fig. 1) . Surprisingly, signal intensity increased with buffer incubation (control) and with trypsin digestion (Table 1) . Additionally, for the trypsin digested samples, the punctate elastin staining pattern was replaced by more a diffuse signal (i.e., greater background intensity) (Fig. 1) . No change in signal intensity was observed for either collagen type I or VI with trypsin digestion.
Coomassie staining and Western blotting of the non-collagenous proteins extracted from the tendon fascicles confirmed that trypsin digestion successfully removed several extrafibrillar proteins. Compared to the fresh samples, incubation in buffer alone eliminated a large amount of the total extrafibrillar protein content, which was further reduced with trypsin digestion (Fig. 2A) . Consistent with the immunohistochemistry data, Western blotting demonstrated that collagen XII was reduced in the buffer-incubated controls (Fig. 2B) , while both decorin and tenascin C were unaffected by buffer incubation. In contrast to immunostaining, Western blotting did detect COMP, which was also reduced with buffer incubation. All four proteins were completely absent from the trypsin digested samples. Finally, the ELISA demonstrated that desmosine content was unchanged with buffer incubation or trypsin digestion (Fig. 3) , suggesting that elastin was not affected. Trypsin digested and control samples had similar peak (p ¼ 0.14) and equilibrium stress (p ¼ 0.61) values across all applied strain levels suggesting that trypsin digestion had no effect on the macroscale fascicle mechanics (Fig. 4A) . While there was also no change in the fibril: tissue strain ratio (p ¼ 0.87) (Fig. 4B) , the interfibrillar sliding did increase with trypsin digestion (p < 0.01) (Fig. 4C) . Additionally, no differences in fascicle multiscale mechanics were observed when comparing the (Fig. S2 ).
Multiscale Mechanical Testing
Three-Dimensional Fibril Reconstruction
Previous SBF-SEM imaging demonstrated that rat tail tendon fascicles contain a high concentration of smaller diameter fibrils (<150 nm) that tended to lie at greater angles to the fascicle axis (r ¼ À0.17, p < 10 À8 ) (Fig. S3) . 5 By segmenting and reconstructing the fibrils in three-dimensions, we found in this study that the greater off-axis angles of the small diameter fibrils result from their winding around and weaving between the neighboring larger diameter fibrils ( Fig. 5 and Movies S1 and S2 in the Supporting Information). Furthermore, there were numerous incidences of fusion between the larger and smaller fibrils (Fig. 6 ). This produced protrusions and a distorted non-circular surface morphology in the larger diameter fibrils, which is consistent with prior TEM imaging of mature rat tail tendon fascicles and equine tendons. 19, 26 Additionally, the protrusions tended to rotate clockwise around the perimeter of the larger diameter fibrils (Fig. 6 and Movie S2), suggesting that the small diameter fibrils integrate with the right-handed helical organization of collagen molecules within the large diameter fibrils.
27,28
DISCUSSION
This study investigated whether extrafibrillar structures contribute to the longitudinal mechanics of tendon fascicles by transmitting load between collagen fibrils. To test this hypothesis, trypsin digestion was used to remove a broad spectrum of extrafibrillar proteins and determine their contribution to tendon fascicle mechanics at both the macroscopic and microscopic length scales. Collagen solubility assays demonstrated that acetylated trypsin does not solubilize collagen molecules by disrupting the intermolecular crosslinks in rat tail fascicles, which is consistent with the lack of change in staining for collagen I (Fig. 1) and similar digestions of bovine articular cartilage and tendon. 21, 22 In contrast, trypsin digestion successfully removed a large number of extrafibrillar proteins, including decorin (including the core protein and the associated GAG chain), tenascin C, collagen XII, and COMP evenly throughout the fascicle cross-section (Figs. 1-2) . However, no reduction in the tissue stress response was observed (Fig. 4A) , suggesting that the tissue components susceptible to trypsin digestion do not contribute to fascicle macroscale mechanics. The fact that the fibril:tissue strain ratio was unchanged suggests that extrafibrillar proteins are also not involved in transmitting load between collagen fibrils (Fig. 4B) . Furthermore, three-dimensional reconstruction of fibrils from SBF-SEM images demonstrated that the smaller diameter collagen fibrils in tendon weave around and fuse with the larger diameter fibrils (Movies S1 and S2; Figs. 5-6). Together, these data suggest that interfibrillar load transfer between the highly aligned large diameter fibrils in tendon is not supported by extrafibrillar tissue components, but potentially by a network of smaller diameter fibrils through entanglement or direct fusion.
These findings are consistent with previous investigations of tendon structure-function relationships and collagen fibril interactions. Recent shear lag models demonstrate that interfibrillar load transfer is necessary to explain the multiscale longitudinal mechanics of tendon. 4, 29 While GAGs have been assumed to transmit these interfibrillar loads, several studies have shown that their removal has minimal effect on tendon mechanics. [9] [10] [11] [12] [13] One study did find that GAG removal increased fibril strains; however, this was observed only at high tissue strains (15% applied strain) and the effect was small (the fibril: tissue strain ratio increased from approximately 0.08 to 0.13). 30 In this work, we demonstrate that tendon fascicle multiscale mechanics is independent of the entire SLRP structure as well as numerous other extrafibrillar proteins. Additionally, collagen fibril branching has been observed in fetal and mature Figure 1 . Immunostaining of extrafibrillar and collagenous proteins. Fluorescence intensity of decorin, tenascin C, and collagen XII were all reduced from fresh controls throughout the fascicle cross-section following trypsin digestion. Punctate staining was observed for elastin in fresh and control samples (characteristic of longitudinal fibers) but was more diffuse with greater background after trypsin digestion. No change in collagen type I or VI signal intensity was observed. Note that differences in fascicle crosssectional area were due to sample selection and not effects of treatments. Scale bar, 100 mm.
tendon, which is believed to result from lateral fusion between fibrils during development. [16] [17] [18] [19] Our SBF-SEM data further suggest that, in particular, small diameter fibrils (<150 nm) may fuse with and transfer load between the larger diameter load-bearing fibrils in tendon, which is consistent with shear lag model predictions. 31 While additional studies are necessary to identify the composition of the small diameter fibrils, the fact that they were observed to fuse and fully integrate with the large diameter fibrils suggests that they are composed of the same material (i.e., collagen I molecules). Furthermore, higher resolution SBF-SEM imaging is necessary to quantify the frequency of fusion between the small and large diameter fibrils, since accurate segmentation of the small diameter fibrils was difficult given their small size and rapid motion along the fascicle length (Movie S2).
It is worth noting that trypsin digestion did increase the amount of interfibrillar sliding in tendon fascicles (Fig. 4C ), which conflicts with the lack in change in the macroscale mechanics and fibril:tissue strain ratio. It is possible that the method of calculating interfibrillar sliding may be sensitive to additional phenomena that could influence this measurement (e.g., gripping artifacts). In fact, during sample preparation the trypsin digested samples were qualitatively more fragile and easily lost their cross-sectional shape during handling. While great care was used to prevent damage during testing, such bulk tissue fragility suggests that the transverse and bulk shear properties of the tissue may be reduced by the removal of extrafibrillar matrix proteins. Indeed, such effects have been observed with elastase treatment of tendon and ligament, 32, 33 which digests numerous proteins (including SLRPs) in addition to elastin (Fig. S4) . 34 This could potentially magnify the effects of uneven loading at the grips, causing additional tissue distortion and contributing to the apparent measurement of interfibrillar sliding. However, the measurement of the fibril:tissue strain ratio is a more robust parameter (i.e., lower intra-sample variability) 4 that indicates the actual amount of strain transmitted to the fibrils. Given that this parameter did not change with trypsin digestion (Fig. 4B) , which is consistent with the lack of change in the macroscale fascicle mechanics, it is reasonable to conclude that the amount of strain, and hence load, transmitted to the fibrils was unaffected by trypsin digestion.
Although trypsin digests a broad spectrum of extrafibrillar proteins, it is possible that structures not susceptible to trypsin digestion (other than collagen I) may transmit load between collagen fibrils. Rather than assess the removal of all extrafibrillar tissue components, we chose representative members of the protein families that have been suggested to transmit load between collagen fibrils, including SLRPs (e.g., decorin), FACIT proteins (e.g., collagen XII), and other small extrafibrillar proteins (tenascin C, COMP). The ability of trypsin to remove these proteins evenly throughout the fascicle cross-section suggests that SLRPs, FACITs, and other extrafibrillar molecules do not transmit load between fibrils. However, there are tissue components that were found to be resistant to trypsin digestion, including collagen VI and elastin. While collagen VI interacts with numerous extracellular proteins, including collagen I, 35, 36 its pericellular localization suggests that it likely plays a role in cellmatrix interactions but not in interfibrillar load transfer. 37, 38 Furthermore, tendons from collagen VI null mice show no changes in tensile modulus or failure stress, 39 suggesting collagen VI does not contribute to tendon mechanics.
In the case of elastin, it is unclear whether the elastin fibers remained intact after trypsin digestion. While the ELISA results show that desmosine content is unchanged with trypsin digestion (Fig. 3) , it is possible that trypsin did cleave the elastin fibers and that the resulting fragments were unable to diffuse out of the tissue, which has been observed with elastase digestion of human ligament. 40 Elastin fragmentation could also explain the transition from punctate immunostaining observed in control samples, which is consistent with longitudinally aligned elastin fibers, 26, [41] [42] [43] to a more diffuse signal with trypsin digestion (Fig. 1) . Indeed, similar staining patterns were observed with elastase digestion of rat tail tendon fascicles (Fig. S4) .
On the other hand, buffer incubation and enzymatic digestion may have simply created more non-specific antibody binding, leading to a general increase in background signal intensity (Table 1) . Nevertheless, assuming elastin was not digested by trypsin, it appears unlikely that elastin fibers serve to transmit load between collagen fibrils. First, elastin fibers are distinct structures with a spatial distribution separate from collagen fibrils. 26, [41] [42] [43] Second, previous elastase digestions of rat tail tendon fascicles and porcine ligaments produced no changes in the macroscale tensile modulus, 40, 44, 45 suggesting that elastin (or any additional tissue components removed by elastase) is not involved in load transfer between collagen fibrils. Still, in these prior studies elastase digestion did produce changes in tissue elongation and ultimate stress during longitudinal testing (as well as changes in shear and transverse mechanical properties), 32, 33, 40, 44, 45 which suggests that the elastin fiber network does contribute, in parallel with collagen fibrils, to tendon and ligament mechanics. In particular, given the high elastin content of the inter-fascicular matrix, [41] [42] [43] 46 it is possible that the contribution of elastin to tendon/ ligament mechanics results from its role in interfascicular (rather than intra-fascicular) properties.
Rat tail tendons were used in this study because their fascicles can be isolated intact without the need for microdissection and potentially introducing cutting artifacts. Furthermore, they share the same hierarchical organization-from collagen molecule to fibril to fascicle -and exhibit a similar multiscale mechanical behavior suggestive of interfibrillar load transfer between discontinuous fibrils as other tendons and collagenous tissues.
3,47-49 However, it is well known that tendon mechanics differ depending on tendon function and anatomical location. [48] [49] [50] Furthermore, rat tail fascicles have certain unique characteristics compared to other tendons (e.g., acid-labile collagen crosslinks) that influence their mechanical behavior. 23 Therefore, while these results demonstrate that extrafibrillar tissue components are not necessary to transmit load between fibrils, it would be useful to investigate the role of extrafibrillar tissue components in additional tendon types.
In conclusion, this study suggests that, while extrafibrillar components may be important for processes like fibrillogenesis or cell-matrix interactions, they are not involved in tendon fascicle longitudinal mechanics or in transmitting loads between fibrils. Instead, our results support the hypothesis that a network of small diameter collagen fibrils mediates interfibrillar load transfer between the larger diameter load-bearing fibrils. While future work is necessary to confirm this hypothesis, our current findings help to resolve which structures are involved in interfibrillar load transfer. Conclusively determining the manner in which fibrils bear load within tendon is critical for identifying the mechanisms that impair tissue function with degeneration and disease. Furthermore, identification of the fundamental structure-function relationships within tendon provides useful guidelines for engineering tendon replacements.
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